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Abstract 

An experimental investigation of the pressure 
distribution of air in radial flow between parallel 
plates was conducted, 

Data were collected on the pressure distribu- 
tion, mass rate of flow of air and film thickness. 

Variations were made in the load applied to 
the upver plate, stagnation pressure at the air 
suoply hole, and the upper plate geometry. Two 
upper plates having the same outside diameters but 
different suppvly hole diameters were employed. 

Two flow regimes were defined, that where 
the flow of air is dominated by the viscous forces 
wherein the pressure decreases steadily from the 
supply hole to the outer edge of the unper plate and 
that where the inertia forces predominate and the 
flow becomes supersonic near the air supply hole. 
In this latter regime, it was found that the mass 
flow can be predicted by the theoretic choked flow 
through the cylindrical area defined by the film 


thickness and the diameter of the air supply hole. 
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Notation 


do 


Dp yy 


=e 


Diameter of the air supply hole in the upper 
plate 


Force 

Film Thickness 

Mass rate of flow 

Ambient Pressure 

Pressure at any point in film 

Stagnation pressure 

Any radial location under the upper plate 

Radius of the air supply hole in the upper plate 
Outer radius of the uvper plate 


Temperature 





1. <Inteoduction 

One of the basic problems of machine design 
is the support of moving elements. In the past, 
many familiar devices such as hydrodynamic bear- 
ings, ball and roller bearings have been used to 
solve this problem. The usual lubricant used has 
been a liquid. 

There is a large class of lubrication problems 
for which hydrodynamic (self-acting) bearings can 
not be used. These are cases where loads are too 
high for hydrodynamic bearings to support or where 
it is essential to avoid contact between bearing 
surfaces. The solution to this problem is the 
hydrostatic, or externally pressurized bearing. 

The hydrostatic bearing has become of interest 
not only in satisfying the above requirements, but also 
because of its low friction with high Speed shafts 
and because of the need to support heavy non- 
rotating elements. Again, the most common lub- 
ricant has been a liquid. 

The use of a gas for bearing lubrication was 
first suggested by Hirnf/] in 1855.1 About forty 
years later Kingsbury [2] tested a hydrodynamically 
lubricated air bearing and reported the results. 

1. Numbers in brackets refer to references listed 


in the Bibliography. 
l. 





Air as a lubricant has several advantages. 
Chief among these are its viscosity characteristic 
and its availability. The viscosity of air is 
Several orders of magnitude lower than that of 
greases or oils. This results in extremely low 
starting and running torques. The viscosity of 
air, as is typical of gases, increases with temp- 
erature. This becomes important if bearings are 
to be operated at temperatures of 1000°F or more. | 3) 

The externally pressurized or hydrostatic air 
bearing combines the several features, described 
above, of the hydrostatic bearing together with 
the desirable lubricant, air. 

The circular pad bearing shown schematically 
in Figure 1, is of interest both as a thrust bear-~ 
Ahite and because it can be considered to be the 
basic unit of a journal bearing. 

The gas dynamics of the flow of air through 
the centrally fed pad bearing is the analysis of 
radial flow between parallel plates. The analysis 
can be separated into essentially two flow regimes 
under certain conditions of suoply pressure and load- 
ing the radial flow is dominated by the viscous 
forces and hence, the radial pressure distribution 


is one which gradually decreases from the central 


supply pressure to ambient pressure at the outer radius, 
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Many investigations of the flow in this viscous 
regime have been performed, notable among these is 
the work of Laub [4| , Gross [5] , and Comolet {él . 

Under other conditions, however, fluid inertia 
forces are significant and supersonic flow in a 
portion of the radial flow exists. To satisfy the 
boundary conditions imposed upon the flow, discon- 
tinuities in the flow in the form of shocks appear. 
Since the flow is also influenced sipnifigantly by 
the fluid viscosity, interactions between the shock(s) 
and viscous effects occur, and depending upon the 
Supply pressure and loading this interaction can 

occur in extremely short radial distances or can be 
distributed over a significant radial distance. 

This regime has been recognized by Several 
investigators and an analytic treatment of this 
regime was attempted by Mori [7]. Lack of suff- 
icient, good, experimental data prevented Mori and 
other previous investigators from adaquately des-= 
cribing the flow. Most investigators had diffi- 
culty in detecting the variations in pressure which 
occured in the short radial distances, since the 
entire process of acceleration and shock interaction 
may take place in a radial distance of only a few 


thousandths of an inch ina film thickness which is 
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less than a thousandth of an inch. Pressure 
measurements attempted with fixed pressure tavs 
of significant hole size can quite easily miss 
the whole shock interaction area, 
Thus, because of the lack of experimental 
data in this flow regime, the present investigation 


was undertaken. 





2. Description of Experimental Equipment. 

This investigationwwas conducted in two parts; 
first the determination of the pressure distribution 
of air in radial flew an thin films mas Gene at 
the International Business Machines Research Lab- 
oratory in San Jose, California, and second, the 
determination of the mass rate of flow was done at the 
United States Naval Postgraduate School in Monterey, 
California, 

The experimental equipment used at IBM Research 
Laboratory consisted of a device for holding a cir- 
cular flat plate with a centrally located air supply 
hole above another flat plate which contained a 
two-mil pressure sensing hole. This device is 
Shown schematically in Figure l. 

Two different upper plates were used. These 
plates had the same outside diameters but different 
air supply hole diameters. For the purpose of id= 
entification the upper plate with the smaller air 
supply hole diameter (.0218 inches) will be desig- 
nated the "A" head, and the upper plate with the 
larger air supply hole diameter (.03):3 inches) will 
be designated the "B" head throughout this inves- 


tigation. 








The diameters of the air holes were determined 
by measurements made with a traveling microscope. 
These diameters were verified by photomicrographs 
taken with a diffraction grating lying over the air 
hole. These photomicrographs also showed that the 
holes in the uvper plates were round. The outside 
diameter of both upper plates A and B were measured 
with micrometer calipers, The flatness of both the 
upper and lower plates was determined by measure- 
ments made by optical flats using a monochromatic 
light source. The values determined by these 
measurements are shown in Table I. 

The upper plate was mounted in a gimbal ring 
Supported by a pivoted loading arm such that the 
centerline of the air supply hole of the uvver 
plate was accurately located at a distance of three 
mpchnes from the wivot point. 

Loads were applied to the uvper plate by adding 
known weights to the loading arm at a knife-edged 
support accurately located at a distance of ninnr 
inches from the pivot point and on the Same side 
as the upper plate. 

The weight of the loading arm, gimbal ring, 
and upper plate were counter balanced by a movable 


counterweight located on the ovvnosite side of the 
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pivot point from the upper plate. 

Use of the pivoted loading arm and gimbal ring 
permitted the uvper plate freedom to translate 
vertically and to rotate about any axis parallel to 
the lower plate. 

Both the loading arm and the gimbal were equp- 
ped with miniature precision ball bearings at their 
Davos poiniar 

The lower vlate containing a two-mil pressure 
sensing hole, was power driven by a screw operated 
through a variable sperd transmission and electric 
motor. The lower plate was moved by the power drive 
in a direction parallel to the loading arm. At right 
angles to the power driven screw was a manually 
operated screw which would drixe the plate ina 
Girection normal to the loading arm. By using these 
screws in combination, it was possible to pick out 
any desired radial location under the upper plate. 
Both screws had precision ground threads and were 
equipped with micrometer dcials. 

The lower plate was equipped with precision 
linear potentiometers which were Supplied by a 
regulated direct current power supply. Through 
the use of one of these potentiometers, an elec- 
trical signal indicating the radial position of 
the pressure sensing hole was sent to the X axis 


of a Mosely X-Y plotter. 
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The two-mil pressure sensing hole in the lower 
plate was connected to a Consolidated Electrodynamics 
Corporation Model +313 pressure transducer which 
employs a four arm strain gage bricge. An alter- 
nating current signal was supplied to the gage 
beidce byea Pertronix™”"@”" unit. “Resulting Pressure 
signals from the gefe brid;;e were converted to 
direct current signals by the Tektronix "Q" unit 
and fed to the input of a Tektronix Oscilloscope. 
These signals were amplified in the Tektronix 
Oscilloscope and were sent from the vertical deflec- 
tion plates of this oscilloscope, through a catnode 
follower, to the Y axis of the X-Y plotter. 

In this way, it was possible to pet continuous 
traces on the X-Y plotter which represented radial 
location of the pressure Sensing hole versus pressure. 

Stagnation pressure at the inlet to the supply 
hole of the upper plate was measured by a precision 
pressure gage manufactured by Wallace and Tierman 
Company. 

Two precision pressure regulators connected 
in series were used to accomplish pressure regulation 
from a filtered 150 PSIG supply. 

The experimental equipment used at the United 


Stetes Naval Postgraduate School in the determination 
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of film thickness and mass rate of flow consisted 
of a test device which was essentially the same as 
that used at the IBM Research Laboratory. The upper 
plates and gimbal ring used in this phase of the 
experiment were the same units that were used at 
IBM. This gimbal ring and the two upper plates that 
were used in the investigation are shown in Figure 
2. Figure 3 is a photograph of the test device 
used at the Postgraduate School. 
The lower plate on this cevice did not contain 
a pressure sensing hole and the lower plate was not 
traversed. The lower plate contained two brackets, 
each of which supported one end of a Tucksrman 
optical strain gage priented in a vertical plane. 
The other end of the Tuckerman optical strain 
gage was secured to the upper plate loading arm at 
points located exactly the same distance from the 
loading arm pivot as the upper plate supply hole 
center line. Two Tuckerman Autocollimators were 
used with these gages to determine film thickness. 
The mass rate of flow of air between the parallel 
plates was determined by the use of a calibrated 
Flowrator manufactured by the Fischer and Porter Co. 
Stagnation pressure of the air at the entrance 


to the supply hole in the upper plate was measured 





by a precision pressure gage manufactured by the 
Ashcroft Company. 

Starnation temperature at the inlet was determined 
by a copper-constantan thermocouple and a Leeds and 
Northrup Potentiometer. 

Pressure regulation of the filtered 100 PSIG 
supply was accomplished by the use of a vressure 


reducer and throttling valve, 


ro 





3. Experimental Procedure 

Part I. Pressure Distribution Investigation 

With the desired upper plate accurately located 
in the loading arm, the experimental procedure 
was as follows: 

With the upper and lower plates fixed in direct 
contact such that the air supply hole in the upper 
plate was Cirectly over the pressure sensing hole 
in the lower plate, the pressure transducer was 
calibrated. The Wallace and Tierman precision gage 
was used to calibrate the pressure transducer. At 
bis tite the Sensitivity of the Y amie of the 
X-Y plotter was adjusted so that the maximum stag- 
nation pressure employed produced full scale 
Geflection. The upper plate was then released and 
allowed to float on a film of air while the linear 
potentiometer indicating radial location was cal- 
ibrated and the X axis sensitivity of the X-Y re- 
corder was adjusted for a suitable deflection over 
the diameter of the uvper plate. 

The air supply through the upper plate was 
then shut off and the loading arm was balanced, The 
desired load was then applied to the loading arm 

by weight ina scale pan with knife edge supports 


to the loading: arm. 
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Pressure was again suppliedetoe the hole ineths 
upper niate. This oressure was sdjusted until the 
Upper plate wos floating freelyeon a filme of yair. 

The location of the preesure sensing hole was next 
determined by use of power driven and manually driven 
Serer S Tommove th* bower plates Theft locet ionsotethe 
rapid orssceure crov delineating the edge of the hole 
Was determined in two directions perpendicular to 

each other. By use of the micrometer dials attached 
to thes two screws, it was possible to determine 

ties Jocation of *the* centcr 6f the supply hole of the 
upper volate with respect to the center of the pressure 
Bensane ho le, 

The pressure sensing hole in the lower plate was 
then moved to a location at the edge of the upper 
plate. The motor drive was turned on driving the 
pressure sensine hole slowly across the diameter 
of the uvver plate. The lowest speed available using 
power drive of the lower plate was approximately 
1/2 inch per hour, This speed wes used in the r-pgion 
Where repid voreefure chenges were anticipated. In 
the lower pressure regions the speed of the power 
drive was increas-d above 1/2 inch per hour sot hat 
axcescive time would not be consuvied and so thet 


Rerift" of the disctronic components would not be a 


ue 
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problem. The time required to traverse the diameter 
of the upper plate was approximately one-half hour. 
Both the calibration of the pressure transducer and 
the linear potentiometer indicating radial displace- 
ment were checked at the beginning and end of each 
run, A run consisted of a single pressure traverse 
at one fixed stagnation pressure and one upper plate 
loading. 

Parallelism of the upper and lower plates was 
checked by making a series of traverses with the 
power driven screw at various offsets obtained by 
adjusting the manual driven screw located at right 
angles to the power driven screw. Correspondence 
of pressure profiles along two mutually perpendic- 
ular diameters of the upper plate was assumed to prove 
that the upper and lower plates were parallel. 

The oscilloscope, préessure trans€ucer, and other 
electrical auxillaries were allowed to warm up for 
at leest one hour before use. Warm up wes continued 
until these pnits stabilized. 

Because of the extromely small vertical dis- 
placements of the upper plate or film thicknesses 
and to employ the maximum capability provided by the 
flatness of the surfaces it was necessary that both 
the upper and lower plates be cleaned with acetone 


and optical wiping papers before assembly. 


13 






ee a ee o —_— «= —a- 


—/! = 
See as + om ine ~ © 


a - —_ pa > eee C= lea «cS = 




















=_> —— a ahr. ——— § = 


© <2=23 § 6a « 
<< — 
EE ee ~ hChe 
—— Ss = t—— «Pel *¢ 
VEE 2A mmm 
| re eet OS Ss ee ae 
Ee ee 



















——— i a 
: > ee = 
be ee 
Pe Cee ° 






od 
















Part II, Film thickness and mags rate of flow 
investigetions. 


The device used in these investigations was 
essentially the same as that used in the investi- 
G@ations of prg@ssure distributions. Tre, differtuce 
wes that the lower plate did not contain a pressure 
sensing hole and was fixed. 

The same upper plates and gimbal assembly as 
used in the pressure distribution determinations 
were used in the mass rate of flow and film thickness 
measurements, Assembly of this device was the same 
as that used in the pressure distribution inves- 
Peat 1. ONS. 

The Tuckerman optical strain pages used in 
determining the film thickness were applied to the 
bracket anc loading arm after the upper plate had 
been assembled in the loading arm. The aprlication 
of these gapes is shown in Figure 3. 

The loading arm was then balanced with the Tuck- 
erman strain gages in position without disturbing 
the optical strain gage attachment. 

The desired force wes then apvlied to the 
unper plate by adding weights to the scale pan, 

The position assumed by the upper plate when these 
Weights were on the scale pan and when no air was 


Supplied to the upper plate was assumed to be the 


Uy. 
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position corresponding to zero film thickness. When 
this had been determined, air pressure was supplied 
to the upper plate while one of the Tuckerman optical 
strain gages was observed through the autocollimator. 
Pressure was increased slowly until the upper plate 
was floating on a film of air. The pressure was then 
Slowly decreased until the film collapsed end the 
zero position of the Tuckerman opticél strain gages 
was verified. 

When these gages could be made to return to the 
Same zero position, the determination of film thick- 
ness and mass rate of fliow for a fixed load appvlisd 
to the upper plate and variable stagnation pressure 
wes started. The stagnation pressure was increased 
by increments as shown in the tabulation of experimental 
data, Table 2, to a maximum of approximately 90 PSIG. 
After the maximum pressure for a particular run wes 
reached, the pressure was decreased by increments 
equal to those used while increasing the preséeure. 
The readings of the Flowrator and each of the Tuck- 
erman optical strain gages were recorded for each 
increment. If the film thicknesses and mass rate 
of flow for both an increment taken at increasing 
pressures and an increment taken at decreesing 


pressures were the sam- and the Tuckerman optical 
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strain gages returned to their original Zero position, 
the run was considered to be satisfactory. 

The stagnation temperature for each run was 
observed by the use of a copper-constantan thermo- 
couple and a Leeds and Northrup potentiometer. 
Ambient temperature and pressure were noted for each 
Cun . 

A calibration of the Flowrator used in the mass 
rate determination was made over the flow range and 
pressure range of the investigation. Celibration 
was accomplished by the use of two wet test meters 
with capacities of 10 cubic feet per hour and 150 
cubic feet per hour. Appendix I contains the 
Flowrator Calibration Curve, Figure 27. 

The Ashcroft pressure gage that was usec in this 


investigation was calibrated with e deed weight tester. 
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h. Yiseussion of Results and Conclusions: 

The data collected in the investigation of 
pressure distribution are presented as non-dimen- 
sional plots in Figures ) through 19 and in tabular 
form inMPabie Il. 

several plots, obtained on the X-Y plotter, 
which are representative of the raw data taken in 
the pressure cistribution investigation are repro- 
duced in Figures 20 through 22. 

The data taken in the investigation of film 
thickness and mass rate of flow are presented in 
tabular form in Table III. Figures 23 and 2) are 
absolute plots of film thickness versus supply pressure 
anc Figures 25 and 26 are plots of the observed mass 
rate of flow versus the theoretic maximum based 
On one dimensional adiabatic flow assuming choked 
flow through the cylindrical area defined by the 
film thickness and the diameter of the air supply 
hole in the upper plate. 

An examination of the radial pressure distri- 
butions shows that sonic velocities in the cylin- 
drical control area followed by expansion into the 


supersonic regime occured in some of the cases where 
Pas 


p < .528 (required for 


the overall pressure ratio of 


Jl 





sonic velocity in a one dimensional reversible adia- 
batic expansion) existed. In other cases, sonic 
velocity was not reached and the pressure decreased 
gradually in viscous flow. 

The investigation of film thickness and mass 
rate of flow shows that in the supersonic regime 
where Mok.528, the actual mass rate of flow is 
predicted to within three per cent by Fleigner's 
Formula C&]: 


jn =. 532 Lf 


V7> 





where 


P= stagnation pressure (PSIA) 


To= Stagnation temperature (OR) 
A= (Td oh (in2) (cylindrical control area) 
m = mass rate of flow (1b,,/sec) 


This regime corresponds to mass flow rates above 

50 Xx 1076 1b, /sec. for the A head and mass flow 
rates above 80 X 1079 1b,,/sec. for the B head as 
seen in Figures 25 and 26. Below these minimum flow 
rates sonic velocity did not occur either because 
Pa/Py > .528 or because the viscous effects near the 
air supply hole prevented the gas from reaching 
sonic velocity. It was also noted that for the high 
rates of flow the observed mass rate of flow was 
lower than that predicted by theory, this was more 
evident in the tests ("A" runs) where the air supply 


hole wes small. 18 



















ADGA Ale @ , ! lO eee 
= -/*, a= 4) ; —ae § 
Cas QO = eS —_—_ —_— _— ih 


— | =e 4 a 


Se — —— ee alll 
SA5 Eee — me Gob). we 
be Gwe ee ee a 
ree ae 


2 a a. 
ae anime & 


nha Se ae 


ete ee 
grt wer We hee) 08 He yy) 08 
~ ge gy 
Oe ee Le et EE eet 

om a(S - ee | 
ee HOS ele mee py Gee GF tee 























& 











a 
‘ 






1m Hm Os 


This is explained by a comsideration of how the 
stagnation or-ssure was maasured, here we are serine 
the effect of stagnation oressure loss between the 
pressure page and the air supply hole exit. This is 
also evident in the pressure profiles, since complete 
pressure recovery was not obtained when the pressure 
sensing hole wes located directly beneath the air 
supply hole in the unprer phate. 

Further examination of the pressure profiles 
shows that for the smaller diamet-r air supply hole 
and a heavy load, the entire process of sonic flow, 
at the edge of the air supply hole, followed by 
expansion into the supersonic flow regime, shock ana 
pressurs recovery, occured over a very small redial 
distance (.0269 inches from sonic velocity to vressure 
recovery in Run No. 1A, Figure 11) and that in this 
region of heevy load and thin films the shock app- 
roximated the thin normal shock that is exp-rienced 
Pisupersonic nozzle diffusers. 

As the load on the upper plete was decreased, the 
film thickness increased, the area covered by sSuner- 
sonic flow was enlarged, see Figure 13 for emample, 
local pressures became subaembient, and the shock 
became a distributed shock Similar in nature to that 
which occurs in pipe flow. (Discussed by Shapiro (8! 
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An examination of the plots of film thickness 
versus supply pressure, (Figures 23 and 2h), shows 
that the upner plate functions much more efficiently 
in terms of air consumption, as a load sunvorting 
device when the supply pressure is reduced. It can 
be seen, for example, that for the "A" head we can 
support a load of 600 grams with a supply pressure 
of 7O PSIG and a film thickness of approximately 
l-mil or we can supvport the same load with a supply 
oressurs of 30 PSIG and a film thickness of about 
~fe mil, Recalling that the air flow rate is 
approximated by m: (.Rh for a fixed stagnation 
temperature and supnoly hole diameter, it is easily 
concluded that the most efficient erea of overation 
for an air lubricated pad bearing is in the region 
of viscous films. However, if we consider that our 
bearing may be required to opverate in the presence 
of accelerations that may be continued for some 
time, (inertial guidance systems in rock ts for 
example), we must consider what would happen if 
this bearing were subjected to an increased load 
for an «xtended period. An examination of the plot 
of Film Thickness versus Supply Pressure For The 
"A" Pad shows that a load of 900 grams could not be 


Supported with a 30 PSIG supply pressure. However, 
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if the supply pressure were 70 PSIG and the force 
Were incressed to 900 frams the clearance (h) would 
be reduced to aprroximately.7& mils. 

Gross[SJ has stated that the ;as compressibility 
at the entrance supply section may tend to cause 
pneumatic instability resulting in plate vibration. 

He suggests that the air sunply hole volume be reduced. 
This of course must be done at a sacrifice of load 
carrying capacity as is indicated by a comparison 
of the film thickness - pressSure charact>rists of 
pads A anc B in the plots of film thickness versus 


Gage Pressure, Figures 23 and 2h. 


li 





5. Recommendations for further work. 

It appeers that further work could be done in 
two areas; an investigation of geometry factors and 
an investigation of the temperature distribution 
of air in radial flow. 

An investigation of geometry factors should 
be concerned with the influence of variations of 
both absolute and relative geometric factors. A 
parameter such es ro/R, (where ro is the radius of the 
air supply hole and Rj is the outer radius of the 
pad), might be chosen and an investigation made 
with this parameter a constant and the absolute 
values fo and R, variable, then perhaps Rj could be 
selected as a variable with r, constant. Such an 
investigation would yield data which should enable 
the correlation of film thickness, loading, mass 
rate of flow, and stagnation pressure in a non- 
dimensional form. 

In the analysis of the gas dynamics of the 
redial flow, two limiting cases have been proposed. 
The viscous flow regime has suggested isothermal 
flow as the limit most nearly approached, whereas 
the supersonic regime sugrests adiabatic flow 
analysis. It may be of interest, therefore, to 


investigate the actual radial temperature distribution. 
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Plate A B 
OUTSIDE DIAMSIVR (in.) === 0.6610 0.6610 | 
AIR HOLE DIAMS3TER(in.) W002 0, 0crs F-cOverd rs | 
FRAT TO WITHIN - (w in.) 94 6 6 


SURFACE ROUGHNESS( “in, RMS) 3 i YT ome 


*Taken over a 3 inch diameter circular portion 
centered on the pressure sensing hole. 
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